Objective: To explore the efficacy and safety of intravenous tranexamic acid for reducing perioperative blood loss and allogeneic blood transfusions in revision surgery for Vancouver type B periprosthetic femoral fractures after total hip arthroplasty (THA).
Introduction
T otal hip arthroplasty (THA) is a widely used method to treat non-infective end-stage diseases of the hip joint which can effectively relieve pain and improve patient quality of life 1 . It is estimated that the number of primary THAs and total hip revisions will increase by 174% and 137% respectively from 2005 to 2030 in the United States 2 . Periprosthetic femoral fractures (PFF) are serious complications occurred during or after THA 3 . The incidence of PFF after primary THA was 0.1%-2%, and that after revision procedures was 4%-6% [4] [5] [6] . With the increasing number of primary and revision THA performed each year, there will be a rise in the elderly population who underwent THA and an expansion of indications for THA in younger patients. Therefore, the number of PFF is expected to rise in the future 2, 7 .
The Vancouver classification categorizes PFF based on fracture location, implant stability, and residual bone stock. And it recommends surgical treatment for all types of PFF (Table 1) 8, 9 . The most common type is the Vancouver type B PFF, defined as fracture at or around tip of prosthesis 8 . And the Vancouver type B PFF is further subdivided into: type B1, with a well-fixed prosthesis; type B2, with a loose prosthesis but with adequate bone stock; and type B3, with a loose prosthesis and poor proximal bone stock simultaneously 10, 11 .
Perioperative blood loss is a critical problem for patients who underwent revision surgery for the Vancouver type B PFF. First, there was inevitable blood loss since the fracture occurred. Then blood loss occurred again during revision surgery. The revision surgery is a reoperation on the same site and it usually needs an enlarged incision. Simultaneously removal of the original prosthesis and cleaning of the medullary cavity to facilitate the placement of a new prosthesis is needed for Vancouver type B2 and B3 PFF. These invasive procedures may cause significant bleeding either from the bone edges or from exposure of the perforating arteries. Simultaneously, blood enters the interstitial space and joint cavity before, during, and after surgery, which causes inescapable hidden blood loss 12, 13 . In addition, fracture and subsequent revision surgery can cause severe inflammation. A large amount of oxygen free radicals increases the permeability of erythrocyte membrane, resulting in cell swelling and rupture; this is also one of the causes of hidden blood loss 14 and leads to more perioperative allogeneic blood transfusions and an increased incidence of associated complications 15 . Theoretically, perioperative blood loss in revision surgery for Vancouver type B PFF is higher than that in primary THA and revision surgery for other types of PFF or other reasons. Therefore, perioperative blood management during revision surgery for the Vancouver type B PFF poses severe challenges for orthopaedic surgeons.
Tranexamic acid is a synthetic derivative of the amino acid lysine. It is widely used to reduce perioperative blood loss during primary THA as an antifibrinolytic agent and has achieved satisfactory results [16] [17] [18] [19] . In addition, some studies have reported the effect of tranexamic acid in reducing blood loss and allogeneic blood transfusions during revision hip arthroplasty [20] [21] [22] . But few studies have reported the efficacy of tranexamic acid in reducing blood loss and blood transfusions during revision surgery which is specific for PFF. Due to the stimulation of multiple traumas, including fracture and subsequent revision surgery, the fibrinolytic activity of the body is increased so the perioperative blood loss is high. Therefore, the hemostatic effect of tranexamic acid as an antifibrinolytic agent remains to be explored. The objectives of this study were: (i) to explore the efficacy of intravenous tranexamic acid for reducing perioperative blood loss and allogeneic blood transfusions; and (ii) to explore the safety of intravenous tranexamic acid administered in revision surgery for Vancouver type B PFF after THA.
Methods

T his study protocol was approved by the Clinical Trials
and Biomedical Ethics Committee of our institution.
Inclusion Criteria and Exclusion Criteria
Inclusion criteria included the following: (i) the patients underwent revision hip arthroplasty because of the Vancouver type B PFF in the Department of Orthopaedics at our institution between January 2008 and September 2018; (ii) the patients were treated with tranexamic acid in a way which became standard from December 2012 at our institution; tranexamic acid was routinely administered as an intravenous preoperative dose (15 mg/kg) in all PFF cases, and it was administered again intravenously at the point when the surgery exceeded 2 h; (iii) the patients were not treated with tranexamic acid; and (iv) the related outcomes of patients were complete in the medical records.
Exclusion criteria included: (i) patients who had contraindications to tranexamic acid, including those with renal failure (serum creatinine >200 mmol/L, creatinine clearance <50 mL/min or dialysis), lifelong anticoagulant use, severe coronary artery disease, or a history of disseminated intravascular coagulation, tranexamic acid sensitivity, active thrombolytic events, or thrombolytic events (myocardial infarction, 
Group Allocations
Patients were grouped according to whether they received intravenous tranexamic acid or not. They were further grouped according to the subtype of Vancouver type B PFF: (i) Vancouver type B1 PFF (defined as group B1); (ii) Vancouver type B2 PFF (defined as group B2); and (iii) Vancouver type B3 PFF (defined as group B3).
Perioperative Management
All operations were performed by experienced orthopaedic surgeons of our institution. After the revision procedures was completed, a drainage tube was placed before closing the incision. Estimated intraoperative blood loss was calculated as the volume of liquid in the negative pressure aspiratorvolume of flushing saline + net weight gain of the gauze. Perioperative physical and drug prophylaxis were used to prevent venous thromboembolism (VTE). Patients were regularly trained in the ankle pump exercise and quadriceps femoris isometric contraction exercise. Low-molecular weight heparin (0.2 mL) was administered at 12 h after surgery and then 0.4 mL every 24 h afterwards until discharge to prevent VTE. Then rivaroxaban (10 mg) was administered once a day for 2 weeks post-discharge from hospital to continue to prevent VTE.
The indications for postoperative allogeneic blood transfusion were hemoglobin < 70 g/L or 70 g/L < hemoglobin < 100 g/L in the presence of dizziness, palpitations, chest tightness, weakness, and other anemia symptoms.
Outcome Collection
General Demographic Data General demographic data were recorded, including age, gender, height, weight, and surgical time. Body mass index (BMI) was calculated in kg/m 2 based on height and weight.
Estimated Intraoperative Blood Loss
Estimated intraoperative blood loss was calculated as the volume of liquid in the negative pressure aspirator -volume of flushing saline + net weight gain of the gauze.
Visible Blood Loss
Visible blood loss is the sum of estimated intraoperative blood loss and postoperative drainage volume.
Hidden Blood Loss
Hidden blood loss was calculated as follows. First, the patient's blood volume (PBV) was calculated according to the formula:
where k1 = 0.3669, k2 = 0.03219, and k3 =0.6041 for male patients, while k1 = 0.3561, k2 = 0.03308 and k3 = 0.1833 for female patients. Next, the following equation was used to calculate hidden blood loss based on HCT:
Hidden blood loss = PBV × 2 × preoperative HCT − HCT of postoperative 72 h ð Þ = preoperative HCT + HCT of postoperative 72 h ð Þ + autologous blood transfusionvolume + allogeneic blood transfusion volume − visible blood loss:
Preoperative hematocrit (HCT) was defined as the HCT within 1 day before surgery.
Allogeneic Blood Transfusion Rate and Volume
Allogeneic blood transfusion rate was defined as the percentage of patients who received allogeneic blood transfusion during or after surgery, while the allogeneic blood transfusion volume of patients was recorded according to electronic medical records.
Incidence of Postoperative Symptomatic VTE
The safety outcomes were collected in the form of postoperative symptomatic VTE including symptomatic deep vein thrombosis (DVT) and symptomatic pulmonary embolism (PE). When patients suffered from suspected DVT symptoms, such as lower extremity pain, swelling, circumference change, and positive Homans sign during hospitalization, the double lower extremity deep vein ultrasonography (USG) was performed. If the results were positive, it was defined as symptomatic DVT. And when patients suffered from chest tightness, chest pain, hemoptysis, and decreased oxygen saturation during hospitalization, the blood coagulation indicator and blood gas analysis tests were performed, and CT pulmonary angiography (CTPA) was also performed. If the results were positive, it was defined as symptomatic PE.
Statistical Analysis
Statistics were calculated using SPSS 25 (IBM, Chicago, IL, USA). All data are presented as means and standard deviations, unless otherwise indicated. As for patient demographic characteristics, continuous data (i.e. age and BMI) were analyzed using Student's t test for two independent samples, while categorical data (i.e. gender) were analyzed using the Pearson's chi-squared test or Fisher's exact probabilities test. Clinical outcomes related to blood loss and transfusion were not normally distributed and so were analyzed using the Mann-Whitney U test for continuous data (estimated intraoperative blood loss and allogeneic blood transfusion volume). Kruskal-Wallis test for independent samples was used for the comparison of multiple samples. Similarly, Pearson's chi-squared test or Fisher's exact probabilities test was used for the comparison of categorical data (e.g. symptomatic VTE occurrence). Differences associated with a P-value of <0.05 were considered statistically significant.
Results
General Results
Our final analysis involved 57 patients treated before December 2012 who did not use tranexamic acid, as well as 72 patients treated after December 2012 who received intravenous tranexamic acid as per routine practice at our hospital ( 
Demographic Data
Among all patients regardless of the Vancouver classification, patients who used tranexamic acid or not did not differ significantly in age, gender, BMI, and surgical time ( Table 3 ). In the three subgroups, patients who used tranexamic acid or not also did not differ significantly in general demographic data respectively (Tables 4-6) .
Estimated Intraoperative Blood Loss
Among all patients regardless of the Vancouver classification, patients who used tranexamic acid showed significantly lower estimated intraoperative blood loss (P <0.001) and the estimated intraoperative blood loss was 46.6% of that in the other group (Table 3) . Similarly, patients in the three subgroups showed significantly lower estimated intraoperative blood loss if they used tranexamic acid, the P-values were <0.001, <0.001 and 0.001 in group B1, B2 and B3, respectively (Tables 4-6 ). And the estimated intraoperative blood loss was 34.4%, 42.3%, and 61.3% of that in the other group respectively.
Visible Blood Loss
Among all patients regardless of the Vancouver classification, patients who used tranexamic acid showed significantly lower visible blood loss (P <0.001) and the visible blood loss was 40.0% of that of patients who did not use tranexamic acid (Table 3) . Similarly, patients in three subgroups showed significantly lower visible blood loss if they used tranexamic acid, the P-values were <0.001, <0.001, and <0.001 in group B1, B2, and B3, respectively (Tables 4-6). And the visible blood loss was 35.3%, 33.9%, and 50.4% of that of patients who did not use tranexamic acid, respectively.
Hidden Blood Loss
Among all patients regardless of the Vancouver classification, patients who used tranexamic acid showed significantly lower hidden blood loss (P <0.001) and the hidden blood loss was 47.4% of that of patients who did not use the drug (Table 3) . Similarly, patients in three subgroups showed significantly lower hidden blood loss if they used tranexamic acid, the P-values were 0.008, 0.037 and 0.018 in group B1, B2, and B3, respectively (Tables 4-6). And the hidden blood loss was 43.6%, 49.9%, and 48.6% of that of patients who did not use the drug, respectively.
Allogeneic Blood Transfusion Rate and Volume
Among all patients regardless of the Vancouver classification, patients who used tranexamic acid showed significantly lower allogeneic blood transfusion rate (P = 0.001) and allogeneic blood transfusion volume (P < 0.001) ( Table 3 ). The allogeneic blood transfusion rate of patients who used tranexamic acid was reduced by 26.9% and the allogeneic blood transfusion volume was 27.9% of that of patients who did not use tranexamic acid.
Outcome for Group B1
In group B1, patients who used tranexamic acid showed significantly lower allogeneic blood transfusion volume (P = 0.011) and the allogeneic blood transfusion volume was 21.6% of that of patients who did not use tranexamic acid ( Table 4 ). The allogeneic blood transfusion rate of patients who used tranexamic acid was reduced by 27.9% in this group, but the difference did not reach statistical significance (P = 0.157).
Outcome for Group B2
In group B2, patients who used tranexamic acid showed significantly lower allogeneic blood transfusion volume (P = 0.005) and the allogeneic blood transfusion volume was 32.0% of that of patients who did not use tranexamic acid ( Table 5 ). The allogeneic blood transfusion rate of patients who used tranexamic acid was reduced by 19.9% in this group, but the difference did not reach statistical significance (P = 0.139).
Outcome for Group B3
In group B3, patients who used tranexamic acid showed significantly lower allogeneic blood transfusion rate (P = 0.023) and allogeneic blood transfusion volume (P < 0.001) ( Table 6 ). The allogeneic blood transfusion rate of patients who used tranexamic acid was reduced by 34.1% and the allogeneic blood transfusion volume was 28.7% of that of patients who did not use tranexamic acid.
Incidence of Postoperative Symptomatic VTE
Among all patients regardless of the Vancouver classification, patients who used tranexamic acid or not did not differ significantly in the incidence of symptomatic VTE (P = 0.750) during hospitalization (Table 3 ). On the other hand, patients in all three subgroups who used tranexamic acid also showed no significant differences from those who did not use the drug in the incidence of symptomatic VTE during hospitalization, the P-values were 0.485, 0.705, and 0.900 in group B1, B2, and B3, respectively (Tables 4-6 ).
Discussion
B ecause there are two times of bleeding, before and during the surgery, it is very important to control blood loss during the perioperative period of patients with the Vancouver type B PFF. The revision surgery is more complex and traumatic than primary THA. Due to the abundant blood supply in tissues surrounding the hip joint, the surgery may get significant bleeding either from the bone edges or from exposure of the perforating arteries. Simultaneously, removal of the primary prosthesis and re-expansion of the femoral bone marrow cavity can aggravate hemorrhage in the femoral medullary cavity. In addition, these kind of revision surgeries are also accompanied by large hidden blood loss, mainly due to hemolysis and to collection of blood in the joint cavity or exudative interstitial fluid 12, 13 . Large amounts of blood loss during revision surgery can lead to anemia, poor prognosis and even hemorrhagic shock, while blood transfusion increases the risk of infectious diseases, acute lung injury and fever 15, 23 . Therefore, the management of perioperative blood loss in revision surgery for Vancouver type B PFF after THA poses a severe challenge for orthopaedic surgeons.
Tranexamic acid has been well supported as an antifibrinolytic agent that safely and effectively reduces perioperative blood loss and rate of blood transfusions in primary THA 20, 24 and provide similar benefits in the revision hip arthroplasty 21, 22, [25] [26] [27] . However, there are several different types of revision hip arthroplasty. Some require only revision of the isolated acetabular component or isolated femoral component, while some require revision of both components. In all types of revision surgery, the amount of blood loss for aseptic loosening and wearing-out of the polyethylene liner is relatively small, while larger for deep infection and PFF 22 . In conclusion, the perioperative blood loss of revision surgery differs for different reasons [28] [29] [30] . However, few studies have reported the efficacy of tranexamic acid in reducing blood loss and blood transfusions in revision surgery for PFF, which is accompanied by high blood loss. Therefore, we conducted this retrospective study to explore the efficacy and safety of intravenous tranexamic acid in revision surgery for the most common type of PFF: the Vancouver type B PFF.
To reduce the influence of surgical techniques, a surgeon's experience, and the equipment, we included only cases from the last 10 years. Therefore, patients who used tranexamic acid or not did not differ significantly in surgical time in our study. This indicated that there has been no significant change in the surgical procedures of revision hip arthroplasty in the past 10 years. Although the number of patients included was small, there was no significant difference in general demographic data of our patients. This indicated that the patients in our study were comparable. Considering that patients with PFF may also have a large amount of hidden blood loss, we calculated hidden blood loss of patients based on previous studies [31] [32] [33] .
Our results indicated that intravenous tranexamic acid was effective in reducing estimated intraoperative blood loss, visible blood loss, hidden blood loss, rate and volume of allogeneic blood transfusions in patients who underwent revision surgery for the Vancouver type B PFF. However, a different subtypes of Vancouver type B PFF has different surgical indications and procedures, and different surgical procedures resulted in different intraoperative blood loss. Our results also confirmed this. The difference was significant in the case of estimated intraoperative blood loss of our patients ( Table 7) . That is the reason why we conducted further analysis separately for patients who underwent revision surgery for different subtypes of PFF. Similar beneficial results were obtained for all three subtypes of Vancouver type B PFF in our study. This indicated that tranexamic acid was effective in all subtypes. On the other hand, it has been reported that intravenous tranexamic acid can minimize postoperative inflammation 34 . The decrease of hidden blood loss may be related to it and the results of our study were consistent with it. As it shown in Tables 3-6, the rate of allogeneic blood transfusions decreased significantly in all patients who used tranexamic acid. However, the difference did not reach statistical significance in group B1 and B2. This may be due in part to the relatively small sample in our study, highlighting the need to verify and extend our findings in larger samples.
Previous studies have indicated that intravenous administration of tranexamic acid can significantly reduce blood loss and blood transfusion in revision hip arthroplasty 26, 27 . Park et al. have also confirmed this, but they excluded patients who had surgery for infection and PFF 21 . While Kazi et al. classified patients according to the reason for revision. They found that infected revisions showed no reduction in transfusion requirements with tranexamic acid administration while there was a reduced frequency of transfusion in patients when revision was performed for aseptic loosening 25 . However, they also did not include patients who underwent revision surgery for PFF. In a retrospective study, Peck et al. analyzed the results based on the complexity of surgical revision 22 . They defined a revision procedure for deep infection, PFF, or combined femoral and acetabular revision as a major revision. Simultaneously, they reported that there was a decrease in estimated intraoperative blood loss, and the need for perioperative blood transfusion was reduced following tranexamic acid administration in the major revision. Previous studies have demonstrated the efficacy of intravenous tranexamic acid in revision hip arthroplasty, but few studies have specifically reported the efficacy of intravenous tranexamic acid in revision surgery for PFF. Therefore, we conducted this retrospective study. We found that administration of intravenous tranexamic acid can safely and effectively reduce perioperative blood loss and allogeneic blood transfusions in revision surgery for all subtypes of Vancouver type B PFF, which is an effective supplement to previous studies. One potential disadvantage to using tranexamic acid in revision surgery for Vancouver type B PFF is that it inhibits the fibrinolytic system, and it may increase the risk of VTE, at least in principle 35, 36 . However, previous studies involving tens of thousands of patients suggest that this is not the case 37, 38 . Other studies also suggest that it is not the case when tranexamic acid is used in primary THA and revision hip arthroplasty 22, 39, 40 . The present work also indicated that intravenous tranexamic acid did not increase the risk of symptomatic VTE. Our results showed that the incidence of symptomatic VTE in patients has decreased over time. Maybe this is because patients mobilize earlier as time goes on. Timing of mobilization is a strong driver of VTE rates. Therefore, we think tranexamic acid used in revision surgery for PFF is safe.
Our study examined only intravenous tranexamic acid used preoperatively and intraoperatively. The optimal dosage, time points, and frequency of use of tranexamic acid remain to be explored. At the same time, it may be worthwhile investigating the efficacy and safety of oral, topical, or combined administration of tranexamic acid, which has been reported in primary hip arthroplasty [41] [42] [43] [44] . Oral and topical administration may be a safe alternative for patients with contraindications to intravenous administration. On the other hand, we examined only intravenous tranexamic acid used in revision surgery for the Vancouver type B PFF. Further studies are needed to verify the efficacy of intravenous tranexamic acid in other types of PFF.
This study has several limitations. First, the retrospective design is open to biases that would be reduced with a prospective design. Second, although our institution has clear standards for blood transfusion, postoperative blood transfusion was decided by the duty physician. Different physicians may have different judgment, which may contribute to variations in the volume and rate of allogeneic blood transfusions. Simultaneously the improved surgical technique and equipment may still affect the results. Third, our follow-up was limited to the hospitalization period, limiting our ability to detect the incidence of symptomatic VTE beyond hospital discharge. Fourth, our sample size is small, so our power to detect differences in outcomes was reduced. Further studies with larger sample sizes should be conducted.
Conclusions
The administration of intravenous tranexamic acid can effectively reduce intraoperative blood loss, visible blood loss, hidden blood loss, and the volume of allogeneic blood transfusions in revision surgery for all subtypes of Vancouver type B PFF after THA. It is not associated with increased risk of postoperative symptomatic VTE.
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